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1Faculty of Mathematics and Physics and 2Biotechnical Faculty, University of Ljubljana, Ljubljana, SloveniaABSTRACT We studied the viscoelastic properties of homogeneous and inhomogeneous levan-DNA mixtures using optical
tweezers and a rotational rheometer. Levan and DNA are important components of the extracellular matrix of bacterial biofilms.
Their viscoelastic properties influence the mechanical as well as molecular-transport properties of biofilm. Both macro- and mi-
crorheology measurements in homogeneous levan-DNA mixtures revealed pseudoplastic behavior. When the concentration of
DNA reached a critical value, levan started to aggregate, forming clusters of a few microns in size. Microrheology using optical
tweezers enabled us to measure local viscoelastic properties within the clusters as well as in the DNA phase surrounding the
levan aggregates. In phase-separated levan-DNA mixtures, the results of macro- and microrheology differed significantly.
The local viscosity and elasticity of levan increased, whereas the local viscosity of DNA decreased. On the other hand, the re-
sults of bulk viscosity measurements suggest that levan clusters do not interact strongly with DNA. Upon treatment with DNase,
levan aggregates dispersed. These results demonstrate the advantages of microrheological measurements compared to bulk
viscoelastic measurements when the materials under investigation are complex and inhomogeneous, as is often the case in bio-
logical samples.INTRODUCTIONLevan is a natural polymer of D-fructofuranosyl monomers.
It is a nonionic homopolymer with b-2,6-linked fructose and
b-2,1-linked branching points (1). Levan forms polydisperse
solutions with respect to physicochemical properties such as
molecular weight (Mw), hydrodynamic radii (rh), root mean-
square radii (rrms), and branching. The molecular weight can
span many orders of magnitude, from 104 to 1010 g/mol, and
the rrms can range from ~20 nm to several hundred nanome-
ters within a single sample. The degree of branching can be
between 2% and 12% (2). Intra- and intermolecular interac-
tions introduce spatial heterogeneity and may result in the
formation of spherical levan particles in solution (3).
Although the structure and rheology of levan solutions is
complex, interest in levan is great, because it is a nontoxic,
odorless, and tasteless polysaccharide with applications in
the pharmaceutical, medical, cosmetics, food, and textile in-
dustries (4). From a biological standpoint, levan is known as
a phytovirulence factor, providing a detoxifying barrier
against plant defense compounds (5). It is also involved in
dental plaque formation (6) and possesses antitumor activity
(7). When attached to the bacterial cell wall, it produces a
dense, slimy layer (capsule). In addition, it may be loosely
attached to the cell as an extracellular polymeric substance
(EPS), which gives bacterial colonies their typical mucoid
morphology (8). Recently, it was reported that levan is an
important structural component of microbial biofilms, play-Submitted May 20, 2014, and accepted for publication October 30, 2014.
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(9,10). Since levan is an extremely soluble (i.e., up to
60% w/v), low-viscosity polymer, it is surprising that it
can stabilize biofilm formation.
Microbial biofilms are composed of bacterial cells, poly-
saccharides, proteins, nucleic acids, lipids, and humic sub-
stances. There has been great interest in the role of
extracellular DNA in biofilm formation and stabilization
since the breakthrough discovery of Whitchurch et al. (11)
that DNase treatment inhibits biofilm formation and de-
stroys mature biofilms (11). DNA has been implicated in
biofilm formation through electrostatic interactions with
polysaccharides and proteins (12). However, much less is
known about the interactions between DNA and nonionic
macromolecules such as levan, which are important in
biofilm formation. The DNA molecule behaves as a semi-
flexible polymer in semidilute aqueous solution (13,14).
Semidilute solutions of DNA are approximately two orders
of magnitude higher in viscosity than levan solutions of the
same concentration (15,16). It has been suggested that in bi-
nary fluid mixtures of widely different viscosities, phase
separation processes may occur near a critical point. The
phase separation process was observed in micellar casein
and guar gum mixtures, as well as in mixtures of microbial
levans with pectin, locust bean gum, and polyethylene gly-
col (17,18). Its origin has been ascribed to the depletion-
flocculation mechanism (19). There is also evidence that
phase separation occurs in many biopolymer mixtures due
to thermodynamic incompatibility (20–22). Due to the large
difference in viscosity between levan and DNA, it ishttp://dx.doi.org/10.1016/j.bpj.2014.10.072
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mixtures at a critical DNA concentration.
In this work, we present a detailed micro- and macro-
rheology study of the interactions between nucleic acids
and the nonionic polysaccharide levan. The study addresses
the phase behavior of semidilute mixtures of DNA and le-
van. The w/w ratio of DNA to levan was systematically
changed at different absolute concentrations of levan. The
viscoelastic properties of levan and DNA mixtures were
determined on a macro scale. In addition, due to the marked
nonhomogeneous behavior of the mixtures, we performed
microrheology measurements using optical tweezers both
within and outside the levan aggregates. The results of mi-
crorheology measurements provide new information about
polydisperse nonhomogeneous mixtures important in bio-
film formation.MATERIALS AND METHODS
Preparation of levan and DNA mixtures
Levan isolated from Erwinia herbicola and DNA isolated from salmon
testes were purchased from Sigma Aldrich (St. Louis, MO). The levan
was dissolved in prefiltered phosphate-buffered saline (PBS) (8.00 g/L
NaCl, 0.20 g/L KCl, 1.44 g/L Na2HPO4, and 0.24 g/L KH2PO4, pH 7.4)
with a pore diameter of 0.20 mm to remove large, nondissolved particles
and vortex-stirred for 10 min. The levan was prepared in final concentra-
tions (w/v) of 4%, 1%, 0.5%, 0.33%, and 0.1%. The appropriate concentra-
tion of DNA was added to the dissolved levan to obtain the levan-DNA
mixtures of 100:1, 20:1, 10:1, 5:1, 3:1, and 1:1 (w/w). To prepare the mix-
tures, 15 mL of levan solution was mixed with an equal volume of DNA
solution in a microcentrifuge tube and vortex-stirred for approximately
1 min.Microscopy
Freshly prepared levan-DNA mixtures were stained with 40,6-diamidino-2-
phenylindole (DAPI) nucleic stain (Carl Roth, Karlsruhe, Germany). To the
levan-DNA mixture, 15 mL of DAPI was added and incubated for 40 5
10 min. Samples were examined by microscope using an Axio Observer
Z1 inverted microscope (Zeiss, Go¨ttingen, Germany). Microscope slides
were rinsed with 70% ethanol, washed with deionized water, and dried.
Next, 5 mL of the sample was placed on a glass slide and covered with cov-
erglass (20  20 mm; 1.5 mm thickness). To prevent water evaporation, the
coverslip was sealed to the slide with colorless nail polish. Differential
interference contrast (DIC), phase contrast, and fluorescence images were
observed and recorded with a coupled MRm Axiocam camera (Zeiss). Im-
ages were processed using ImageJ 1.48b analysis software with an added
plug-in for pseudo-flat-field correction of DIC images. The contrast was
enhanced using the enhance-contrast function. The phase-contrast micro-
scopy images were taken with the Zeiss microscope (objective 63, NA
0.75), and ImageJ was used to determine the area fraction of the aggregates.
After flat-field correction, the gray-scale intensity threshold was set to a
value covering most of the aggregates and excluding excessive noise. The
images were converted to binary format, and if necessary, the objects
were closed and the holes filled. The area of objects was then determined
using the analyze-particles function of ImageJ. Objects smaller than the res-
olution of the objective (<0.4 mm) were considered noise and were
excluded from the area calculation.
The fraction of levan that was invisible to light microscopy was deter-
mined by the modified phenol-sulphuric acid colorimetric method (23).Two sets of levan samples with final concentrations of 0.1, 0.2, 0.3, 0.4,
and 0.5 mM were prepared. For the first set, 500 mL of each levan concen-
tration was centrifuged at 18,000 relative centrifugal force and 4C for
15 min. Then, 300 mL of supernatant was pipetted into borosilicate vials.
The second set consisted of noncentrifuged 300 mL levan samples. To the
samples from both sets, 150 mL of phenol and 750 mL of concentrated sul-
phuric acid were added. Vials were capped and submerged in a water bath
to cool down, then heated to 100C for 20 min. Afterward, the optical den-
sity was measured using a plate reader (Multiskan Spectrum, Thermo Elec-
tron, Vantaa, Finland) at 490 nm. The fraction of levan in the supernatant
was calculated as the concentration of levan in the supernatant divided by
the total concentration of levan in the sample. The calibration curve was
prepared from fructose aqueous solutions with final concentrations of 0.1,
0.2, 0.3, 0.4, and 0.5 mM.DNase I treatment
To examine the effect of DNA on levan aggregate stability in levan-DNA
mixtures, the samples were treated with DNase I (Fermentas, Waltham,
MA). First, 15 mL of 1% (w/v) levan solution was dissolved in prefiltered
deionized water and mixed with 15 mL of 0.33% (w/v) DNA. Next, 10
mL of 22.5 mM MgCl2 and 1.8 Kunitz units of DNase I were added and
mixed by gentle pipetting and left for 2.5 h to incubate at room temperature.
After incubation, 3.65 mL of 12.3  104% (w/v) DAPI was added to the
sample and mixed by gentle pipetting. Samples were examined with fluo-
rescence microscopy using a 49 DAPI filter cube (Zeiss).Macrorheology
To measure bulk viscosity, levan was dissolved in PBS at different concen-
trations (0.1%, 0.33%, 0.5%, 1%, and 4% (w/v)). Levan-DNA mixtures
(100:1, 20:1, 10:1, 5:1, 3:1 and 1:1 (w/w)) were prepared in PBS. Viscosity
was measured using a Physica MCR 301 rotational rheometer (Anton Paar,
Graz, Austria) equipped with a plate-plate system with a plate diameter of
49.975 mm. The distance between plates was 0.250 mm and the measuring
temperature was 20.00 5 0.01C. Approximately 490 mL of sample was
applied with an automatic pipette to fill the gap between the plates. Flow
curves in a shear rate ranging from 2 to 1000 s1 were measured in 28 con-
stant logarithmically spaced steps with a time delay of 5 s between succes-
sive measurements.Microrheology
Microrheological experiments were performed on an Eclipse Ti inverted
microscope (Nikon, Tokyo, Japan) equipped with laser tweezers (Tweez
250si, Aresis, Ljubljana, Slovenia). An infrared laser beam with a wave-
length of 1064 nm was focused through a water immersion objective
(60, NA 1.00, Nikon) in a sample cell and was used for trapping and
manipulation of silica beads used for measurement. To exclude the surface
effects on the measurement, the trapping plane was set at least 20 mm from
the sample cell walls. The position of the optical trap was sinusoidally
modulated with a constant amplitude of 0.3 mm and frequencies of 0.5, 1,
2, 5, and 10 Hz. Positions of measuring beads were recorded with a
CMOS camera (PLB-741, PixeLink, Montreal, Canada) at 200 frames/s.
Image acquisition was synchronized with trap movement using an external
camera trigger so that the phase lag between the bead and trap positions
could be exactly determined. Bead trajectories were obtained by analyzing
recorded videos with particle-tracking software (PartTrack V3. 36, Aresis).
Bead and laser-trap trajectories were further analyzed with custom-written
analysis software in MatLab to obtain the microrheological parameters of a
sample.
Silica beads with a radius of a ¼ 2.32 mm (SS04N, Bangs Labs, Fishers,
IN) were used in all microrheological measurements. Typically, 1 mL of the
original bead solution was diluted with Millipore water (Billerica, MA) by aBiophysical Journal 108(3) 758–765
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final levan concentrations of (w/v) 1%, 0.5%, 0.33%, and 0.1%. Mixing 10
mL of diluted bead solution with 50 mL of DNA gave final DNA concentra-
tions of (w/v) 0.11%, 0.066%, 0.033%, 0.0165%, and 0.0033%. The final
levan-DNA mixtures of 100:1, 20:1, 10:1, 5:1, and 3:1 (w/w) at an absolute
levan concentration of 0.33% (w/v) were prepared in the same way. In the
next step, ~40 mL of each final mixture was pipetted into a sample chamber
made of two coverslips separated by spacers at a distance of ~200 mm. After
filling the sample cell, we used ultraviolet curing glue to completely seal the
cell to prevent evaporation of water and fluid currents. The measurements
were performed at room temperature (235 2) C, with no special control
over the chamber temperature.
Before each set of microrheological measurements, the stiffness of the
optical trap was recalibrated. We used a calibration method based on statis-
tical analysis of bead motion in a stationary trap. At least 30,000 frames
were recorded during each calibration run. Trap stiffness was determined
by analyzing the spatial distribution of trap positions using TweezPal soft-
ware (24).Theory of one-particle active microrheology
Active one-particle microrheology measurements were performed using a
precise computer-controlled sinusoidal modulation of trapping-beam posi-
tion and synchronous measurement of particle position. The position of a
sinusoidally modulated laser trap, xt (t), can be written as
xtðtÞ ¼ At sinðutÞ; (1)
where At is the amplitude of the trap displacement and u is the modulation
frequency. Particle position as a function of time is obtained by analyzingthe recorded image stream and can be written in a similar way as
xbðtÞ ¼ AbðuÞsin½ut  dbðuÞ; (2)
where Ab (u) is the amplitude of the bead displacement and db (u) is the
bead response phase lag. Neglecting the inertial term and thermal fluctua-tions, the equation of motion for the spherical probe, x (t), with radius a
is given by
6pha _xðtÞ þ ½kt þ kmxðtÞ ¼ ktAt sinðutÞ; (3)
where h is the solvent viscosity, km is the local stiffness of the medium, and
k is trap stiffness. Solving the equation of motion (25–27) gives both com-t
ponents of a complex viscoelastic modulus:
G0ðuÞ ¼ km
6pa
¼ kt
6pa

cos dbðuÞAtðuÞ
AbðuÞ  1

; (4)
andG00ðuÞ ¼ uhðuÞ ¼ kt
6pa

sin dbðuÞAtðuÞ
AbðuÞ

: (5)
RESULTS
The viscoelastic properties of pure solutions of levan are
given in Fig. 1. Levan solutions up to 1% (w/v) behaved
as Newtonian fluids. Slight pseudoplastic behavior was
observed at 4% (w/v) levan (Fig. 1 A). Viscous behavior
of DNA solutions in the range 0.0033–0.33% (w/v) are
given in Fig. 1 B. In sharp contrast to levan, DNA solutions
exhibited strong pseudoplastic behavior, which was more
pronounced at higher DNA concentrations. When levanBiophysical Journal 108(3) 758–765and DNAwere mixed together, the mixture showed pseudo-
plastic behavior similar to that of pure DNA solutions
(Fig. 1 C). The macroscopic viscosities of levan-DNA mix-
tures were higher than the corresponding levan and DNA so-
lutions (Fig. 1 D).
The micrographs of levan solutions are shown in Fig. 2.
Compared to the solvent background (Fig. 2 A), levan
formed spherical particles with a diameter of 0.5 5 0.3
mm that moved in the solution (Fig. 2 B) (Movie S1 in the
Supporting Material). A fraction of levan (~20%) remained
in aggregates that were not visible with light microscopy.
When DNA was added to the levan, instantaneous phase
separation of the solution occurred (Fig. 2 C). Large,
approximately spherical aggregates formed with a diameter
ranging from a few micrometers to a few tens of microme-
ters that could be clearly observed using DIC imaging. The
aggregates of levan moved in the solution and coalesced
with each other, forming still larger aggregates (see Movie
S2). The phase-separated levan aggregates coalesced on a
timescale of ~30 min. The first coalescence was observed
10 min after sample preparation. The rate of coalescence
progressively decreased after 30 min. Even after a pro-
longed incubation time (i.e., 24 h), the two phases did not
separate completely. Fluorescence staining of DNA in le-
van-DNA mixtures with DAPI showed phase separation of
DNA and levan aggregates (Fig. 2 D). The dark spots corre-
spond to DNA-depleted regions and coincide with the posi-
tions and shapes of levan aggregates seen with DIC,
indicating DNA-levan phase separation. The DNA formed
a continuous phase between levan aggregates. Levan aggre-
gates were composed of small spherical particles of the
same size as those in pure levan solutions. The small levan
particles were able to move inside the aggregate (see Movie
S3). The local density of levan particles was much higher in-
side the levan aggregates than in the pure levan solution of
the same concentration. The amount of spherical levan par-
ticles outside the levan aggregates was small, but not negli-
gible. When DNA was treated with DNase I, the levan
aggregates dissolved (Fig. 2 E). The spherical particles of
levan dispersed and the sample was visually indistinguish-
able from pure levan solution (i.e., Fig. 2, B and E). The le-
van dispersion was stable and no levan aggregates appeared
after one month. When levan-DNA mixtures were prepared
in distilled water, spherical levan particles formed; however,
no phase separation occurred and no aggregates of levan
particles were present.
The formation of levan aggregates was dependent on the
absolute levan concentration in the samples, as well as on
the levan/DNA ratio. As shown in Fig. 3, there was no for-
mation of levan aggregates at a low levan concentration
(below 0.1% (w/v) levan). With increasing absolute levan
concentration, aggregates formed at lower DNA critical
concentrations (the DNA concentration at which phase sep-
aration occurs). For example, at 0.33% (w/v) levan aggre-
gates formed at a 0.2 DNA/levan ratio (w/w), whereas at
FIGURE 1 (A) Flow curves of different levan
concentrations. From top to bottom: 4% (vertical
lines), 1% (stars), and 0.33% (circles) (w/v)
aqueous solutions of levan in a PBS. (B) Flow
curves of DNA at concentrations of (top to bottom)
0.33% (inverted triangles), 0.11% (double
crosses), 0.066% (stars), 0.033% (vertical lines),
0.0165% (squares), and 0.0033% (triangles)
(w/v) of DNA. (C) Flow curves of (top to bottom)
1:1 (stars), 3:1 (diamonds), 5:1 (vertical lines),
10:1 (triangles), 20:1 (crosses), and 100:1
(squares) (w/w) levan-DNA mixtures, with levan
concentration kept constant at 0.33% (w/v). (D)
Flow curves of (top to bottom) a 3:1 levan-DNA
mixture with 0.33% (w/v) levan (M) and pure solu-
tions of 0.11% (w/v) DNA (double crosses) and
0.33% (w/v) levan (circles).
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formed at a 0.01 DNA/levan ratio (w/w). The size and shape
of levan aggregates were dependent on the absolute levan
concentration, as well as on the levan/DNA ratio in the mix-
tures. The fraction of surface covered by levan aggregates
was determined by analyzing phase-contrast images with
ImageJ software and is given in Table 1. The estimated frac-
tion of the surface occupied by aggregates increased with
absolute levan concentration. The effect of DNA on the frac-
tion of the surface occupied by aggregates at a given levan
concentration was less pronounced.
Due to the marked microheterogeneity of levan and DNA
mixtures above a critical DNA concentration, microrheo-logical experiments were performed on an inverted micro-
scope equipped with laser tweezers. The results of active
microrheology are given in Fig. 4. In pure levan and
DNA solutions, the results of microrheology measurements
are qualitatively similar to those of macrorheology mea-
surements (Fig. 4, A and B). In levan-DNA mixtures,
however, microrheology measurements indicate that the
viscosities of the mixtures were lower than that of pure
DNA, the major contributor to viscosity (Fig. 4 C). For
example, in 20:1 levan-DNA (w/w) mixtures (Fig. 4 D),
the viscosity of the mixture was approximately half of the
viscosity of the DNA. It is important to note that the results
shown in Fig. 4 are for the levan-DNA mixtures below theFIGURE 2 DIC microscopy of levan and DNA
mixtures. (A) Solvent (PBS). (B) 0.33% (w/v) le-
van. (C) Levan/DNA mixture at a ratio of 3:1
(w/w). (D) Fluorescence image of DAPI-stained
samples of levan-DNA mixtures, showing the
same view field as in C. (E) DIC microscopy of
DNase I-treated mixture of 3:1 levan/DNA (w/w).
Scale bar, 8 mm.
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FIGURE 3 Levan aggregate formation in different levan/DNA mixtures.
Below the phase line, no formation of aggregates was observed with DIC
microscopy.
762 Stojkovic et al.phase separation, where no levan aggregates formed.
Because silica beads were uniformly distributed in the le-
van-DNA mixtures, the results represent an average local
microrheology.
On the other hand, above a critical DNA concentration,
where levan and DNA phase-separated, the microrheology
of local microenvironments differed significantly. In
phase-separated levan-DNA mixtures, silica beads distrib-
uted approximately equally between the DNA and levan
phases. Although the contrast between levan aggregates
and DNA phase was rather poor under the bright-field mi-
croscopy used for the active microrheology experiments, it
was nevertheless possible to detect silica beads in either
the DNA or the levan phase at high laser power. Measure-
ments were performed first on levan aggregates and, after
they settled to the bottom as sediment, on the DNA phase.
Once the silica beads were located, the power of the laser
was decreased for the microrheology experiments. The re-
sults for the two phases are given in Fig. 5. There was a sig-
nificant difference for the elastic modulus of the two phases.
The elastic modulus was higher in the DNA phase (Fig. 5 B).
Surprisingly, the viscosities of the two phases were approx-
imately equal (Fig. 5 A).
The microrheology of levan in pure solution was very
different from that inside levan aggregates (Fig. 6). The vis-
cosity of pure levan solutions was low and no pseudoplastic-TABLE 1 Percentage of area occupied by aggregates in levan/
DNA mixtures at different absolute levan concentrations
Levan (%)
Levan/DNA ratio (w/w)
100:1 20:1 10:1 5:1 3:1 1:1
3 41 5 1a 4 5 1 44 5 3 — — —
2 0 6 5 3 25 5 2 — — —
1 0 5 5 5 29 5 2 20 5 2 27 5 3 35 5 3
0.5 0 0 0 35 3 18 5 7 16 5 3
0.33 0 0 0 25 2 12 5 1 15 5 1
aAggregates are made of DNA only and were surrounded by spherical levan
particles.
Biophysical Journal 108(3) 758–765ity was observed. On the other hand, the pseudoplasticity of
levan inside the levan aggregates increased significantly
(Fig. 6 A). The effect of levan aggregation on the elastic
modulus was even more pronounced. Inside levan aggre-
gates, elasticity increased ~100-fold compared to the situa-
tion in pure levan solutions (Fig. 6 B). In addition, the
increase in elasticity modulus inside levan aggregates with
increasing frequency was more pronounced than that in
pure levan. The viscosity of 0.11% (w/v) DNA in pure solu-
tion was too high to be measured with optical tweezers.
However, when DNA was mixed with levan, the viscosity
of DNA decreased and was low enough to permit micro-
rheological measurement with optical tweezers.DISCUSSION
It has been demonstrated that in sucrose-rich growth
media, Bacillus subtilis produces copious amounts of levan,
resulting in thick floating biofilms (9). Levan is the main
component of such biofilms and comprises ~95% of the
extracellular matrix mass. However, the role of levan in mi-
crobial biofilms is unknown. Its high solubility, low viscos-
ity, and elasticity (3) would argue that levan in itself could
not form the highly viscoelastic biofilm observed. In this
work, the role of DNA in levan aggregation was tested by
active microrheology using optical tweezers.
When DNA is added to levan, the two polymers of very
different viscosities phase-separate (Fig. 2). Microbial le-
vans also display phase-separation phenomena with pectin,
locust gum, and polyethylene glycol (17,18). It has been
suggested that due to its branch structure, levan resists inter-
penetration by other polymers, leading to macroscopic
phase separation. The phase-separation process has been
studied in different polymer and binary-fluid mixtures
near the critical point. In general, two mechanisms have
been proposed, thermodynamic incompatibility (20–22)
and the depletion-flocculation mechanism, which is based
on the effect of energy interaction between particles and
the polymer solution in the suspension (19,28). The latter
mechanism seems to better describe the phase separation
in levan-DNA mixtures.
Levan forms spherical particles when dissolved in
aqueous solutions (3,29,30). The observed formation of
microspherical levan particles in aqueous solutions (0.5 5
0.3 mm) has an effect on levan viscosity, which is low
compared to other polysaccharides of comparable concen-
trations. Adding DNA polymers to spherical levan particles
induces phase separation. A theoretical description of inter-
action between chain molecules and spherical particles in
the presence of ions that leads to particle aggregation is
given by Asakura and Oosawa (31). The attractive force
acting between particles is dependent on their shape, size,
density, and ionic strength. The range of this force is on
the order of the diameter of macromolecules and the magni-
tude is on the order of the osmotic pressure. The phase
FIGURE 4 (A) Microviscosity of levan solutions. Lines represent (top to bottom) 1% (stars), 0.5% (triangles), 0.33% (circles), and 0.1% (squares) (w/v)
levan, and deionized water (right-pointing triangles). (B) Microviscosity of DNA solutions. Lines represent (top to bottom) 0.066% (stars), 0.033% (vertical
lines), 0.0165% (squares), and 0.0033% (triangles) (w/v) DNA. (C) Microviscosity of levan/DNA mixtures at ratios of (top to bottom) 5:1 (vertical lines),
10:1 (crosses), 20:1 (squares), and 100:1 (triangles) (w/w) with 0.33% (w/v) levan. (D) Microviscosity of levan/DNAmixtures compared to pure solutions of
DNA and levan for (top to bottom) 0.0165% (w/v) DNA (crosses), a 20:1 (w/w) levan/DNAmixture with 0.33% (w/v) levan (squares), and 0.33% (w/v) levan
(circles).
Microrheology of Levan-DNA Mixtures 763separation becomes stronger as the degree of polymeriza-
tion of chain macromolecules increases (28). The addition
of the long DNA molecule to levan particles consistently in-
duces phase separation.
Both levan and DNA change their respective rheological
behavior when mixed together and phase-separate. This is
not obvious from macroscopic rheological measurement,
however. From macroscopic observations, it follows that le-
van-DNA mixtures have higher viscosities than the individ-
ual contributions of the two components, approximatelyequal to the sum of the two contributions. Qualitatively,
levan-DNA mixtures exhibit pseudoplastic behavior
mimicking the behavior of DNA, the dominant viscous
contributor. It is only when the microrheology of each indi-
vidual phase is measured that the complex rheology of the
mixture is revealed. The viscosity of the DNA phase is
almost the same as the viscosity inside the levan aggregate.
The viscosity of levan in aggregates increased severalfold
compared to that of pure levan. This is likely due to the
increased density of levan particles inside the aggregates.FIGURE 5 Microrheology of a 3:1 levan/DNA
(w/w) mixture with 0.33% (w/v) levan both inside
and outside of levan aggregates. (A) Viscosity in-
side (vertical lines) and outside (squares) the ag-
gregates. (B) Elastic modulus inside (vertical
lines) and outside (squares) the aggregates.
Biophysical Journal 108(3) 758–765
FIGURE 6 (A) Microviscosity of pure levan
0.33% (w/v) (circles) compared to its microviscos-
ity inside the aggregate (vertical lines) in a 3:1 le-
van/DNA (w/w) sample. (B) Elastic modulus of
pure levan 0.33% (w/v) (circles) compared to its
elastic modulus inside the aggregate (vertical
lines) in a 3:1 levan/DNA (w/w) sample.
764 Stojkovic et al.From an estimate of the volume fraction of the two phases,
it follows that levan in aggregates was approximately eight-
fold more concentrated than in pure levan solutions. When
levan concentration was increased, the viscosity increased
and the flow behavior changed to pseudoplastic. Pseudo-
plasticity is a hallmark of biofilm extracellular matrix
behavior (32,33). In addition to the increase in viscosity
of levan aggregates, the storage modulus within levan ag-
gregates increased dramatically. Levan aggregates were
~100 times more elastic, and with more frequency-depen-
dent elasticity, compared to pure levan. This suggests that
during phase transition from levan particles to levan aggre-
gates, the material changed from a primarily viscous fluid
to a viscoelastic fluid. The formation of a viscoelastic ma-
trix during biofilm formation is another hallmark of the bio-
film matrix (34–36). The results therefore indicate that
DNA is able to induce transition in levan from low viscosity
in pure solution to viscoelastic material in levan-DNA
mixtures.
Levan aggregates only formed when the levan-DNA
mixture was prepared in a salt solution. The presence of
ions in the PBS solution screened intra- and interelectro-
static interaction of DNA polymers. This in turn decreases
the persistence length of DNA, makes it more flexible
(37–40), allows closer distance between neighboring DNA
molecules and reduces the entropic penalty (20,41–43).
Due to phase separation, the local DNA concentration
must inevitably increase in levan-DNA mixtures. It is there-
fore surprising that the viscosity of concentrated DNA
decreased. Although most of the levan is located within ag-
gregates, there is some levan dissolved in the DNA phase. At
a levan/DNA ratio of 3:1 (w/w), the dissolved levan com-
prises ~20% of total levan. The reduced viscosity in the
DNA phase could be attributed to the lubrication effect of
the remaining levan particles in the DNA phase. Based on
the measurements of Onuki (44), it follows that when h1
>> h2, even a small fraction of the second phase drastically
reduces the effective h1. This is because unless it is very
dilute, the second phase can act as a lubricant supporting
most velocity gradients (44). When the DNA network was
enzymatically cleaved, the levan aggregates dispersed andBiophysical Journal 108(3) 758–765did not reappear again, implying the indispensible role of
intact DNA in aggregate formation.
Although microbial biofilms are much more complex
structures than the simple binary mixtures studied in this
work, the results emphasize the importance of DNA in the
formation of biofilms. The addition of DNA induced micro-
heterogeneity. Microheterogeneity of binary mixtures of le-
van and DNA may also be important for biofilm formation
and functioning (i.e., metabolite transport, antibiotic resis-
tance, fluid flow, adhesion, and yielding under flow) (45).
As levan is not charged, the observed phase separation is
likely the result of the depletion-flocculation mechanism,
although a possible role of thermodynamic incompatibility
related to the entropy of the system (19,20,41–43) cannot
be completely exluded. Accordingly, when DNA chains
are added to the levan suspension, they would be excluded
from the space between the spherical levan particles.CONCLUSIONS
DNA can induce a phase transition of levan from a low vis-
cosity to a highly viscoelastic matrix. The phase transition is
critically dependent on levan and DNA concentrations as
well as on the ionic strength of the medium. It has been
demonstrated that DNA is the driving force behind levan ag-
gregation. The results obtained highlight the importance of
microrheology in the study of formation of microheteroge-
neous matrices such as those found in microbial biofilms.
Microrheology measurements give comparable results to
macrorheology measurements in pure polymer solutions
or homogeneous mixtures. The results of active microrheol-
ogy, however, are invaluable when microheterogeneous ma-
terial is the subject of study. In such cases, its biophysical
properties, and therefore its biological function, may be
completely missed by averaging material viscoelastic
properties.SUPPORTING MATERIAL
Three movies are available at http://www.biophysj.org/biophysj/
supplemental/S0006-3495(14)03064-1.
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